Meditation-induced modulation of brain response to transcranial magnetic stimulation
Dear editors,
Meditation can be conceptualized as a family of complex emotional and attentional regulatory training regimes developed for various ends, including the cultivation of well-being and emotional balance. Previous studies have demonstrated that meditation may have positive effects on self-awareness, emotion regulation, attention processes, and also structural neuroplasticity [1] . However, the underlying neurophysiology remains poorly understood. Transcranial magnetic stimulation combined with electroencephalography (TMS-EEG) is a non-invasive technique to probe brain activity and connectivity. We aim at establishing whether TMS-EEG can detect changes in brain reactivity during meditation practice and at evaluating whether these changes are specific to the achieved state and to stimulated cortical areas.
Our subject (M.R.) was a left-handed, 69 years old expert meditator with more than sixty thousand hours of meditation practice in the Tibetan Buddhist Nyingmapa tradition. We obtained his informed consent and the study was approved by the Ethics Committee of the University and University Hospital of Liege in Belgium. Three voluntary induced mental states were investigated in the following order respectively to an initial baseline resting condition: open presence meditation (objectless meditative state inducing an attenuated duality of object and subject), self-induced cognitive opacity (SICO -thought-less state, with higher cognitive functions reduced to a minimum), and a closed-eye drowsy state, in which the subject attained light sleep (stage N1).
TMS-EEG was performed as in our previous studies (e.g. [2] ), using neuronavigation (Nexstim Plc, Finland) and a compatible 60-channels EEG amplifier (Eximia, Nexstim Plc, Finland). Stimulations were targeted to the medial parts of the left superior parietal and frontal (premotor area) gyri, as identified on the subject's T1 3D magnetic resonance imaging (MRI) and at least 230 stimulation pulses were delivered at a frequency randomly jittered between 0.4-0.5 Hz. TMS-evoked potentials (TEPs) were obtained by averaging a minimum of 130 artifact-free single trials for each session. To assess the effects of self-induced mental states on cortical reactivity, we employed three indices: (i) the Divergence Index [2] , which computes on the broad band (0.1 and 45Hz) TEP the percentage of samples that differ significantly (data-driven non-parametric statistics) across all channels and latencies, and compares them with respect to normative test-retest variability previously reported in [2] ; (ii) the power within the natural frequency [3] range of each stimulated target, which provides a circuit-specific index of cortical reactivity in awake healthy subjects; and (iii) the phaselocking factor computed on TEPs filtered between 8 and 40 Hz, which provides an index of connectivity that has been shown to be very sensitive to shifts in the state of vigilance across the sleep-wake cycle [4] .
The DI computed between each voluntarily induced mental state and the resting state was always higher than the empirical cut-off (1.67%) established in a previous study [2] , indicating that the observed changes were significantly larger than the physiological variability of TEPs (Fig. 1A) . This result is noteworthy because, stimulation parameters being kept equal by means of MRI-guided neuronavigation, TEP typically show changes in their wave shape only in the case of strong manipulation of cortical excitability, such as the ones induced by pharmacological modulation [5] or sleep-wake transitions [6] . Since the DI only provides a crude assessment of overall changes in the brain response, we next examined changes in the natural frequencies specific for the two stimulated targets. The natural frequency reflects the tendency of different cortical areas to oscillate around a preferential rate upon receiving a perturbation, which provides a circuit-specific index of cortical reactivity in healthy awake subjects (e.g. [5] ). As in previous studies, in the present experiments TMS evoked prominent slow β-band oscillations after stimulation of the parietal cortex and prominent fast β/ɣ -band oscillations after stimulation of the premotor cortex. During open presence meditation, we observed an enhancement with respect to baseline of the power of site-specific evoked oscillations, for parietal (15-25 Hz) and premotor (25-35 Hz) stimulation (Fig. 1B) . This finding is consistent with the enhanced amplitude of high fast-frequency oscillations (20-45 Hz) evoked by auditory stimuli found with the same meditator during a nondual meditation ( [7] Suppl. Fig. 5 ). In this earlier report the amplitude of evoked oscillation was also associated to the amplitude of large gamma-band activity during meditation. Consistently with previous studies [6] , evoked oscillations were dampened during the drowsy state in both areas, when the subject attained sleep stage N1. Notably, during SICO the power of the natural frequencies showed a marked area-specific dissociation: the values remained above baseline during parietal stimulation, whereas we observed a marked suppression during premotor stimulation, falling well below drowsiness level (Fig. 1B) . These selfinduced changes in target-specific reactivity were paralleled by analogous changes in overall connectivity as measured by the global phase locking-factor (PLF) computed across all scalp sites (Fig. 1C) ; the PLF increased during open presence and decreased during drowsiness in both areas but showed a prominent reduction only in the case of premotor stimulation during SICO. In previous studies, the PLF decreased with the level of consciousness across the wake-sleep cycle [4] and it increased within NREM sleep when a dream was reported, compared to when dream was not reported [8] . PLF increase during open presence meditation may reflect the state of particularly vivid awareness and monitoring of internai states as reported by the highly trained meditator, whereas its selective reduction in premotor cortex during SICO might be related to a weaker involvement of frontal areas during a state in which cognitive and thought-like activity is reduced to a minimum [9] . The present results, although limited to a single highly trained practitioner, show for the first time that local and global aspects of cortical reactivity, synchrony and phase locking can be wilfully modulated. Further neurophysiological and neuroimaging studies, such as the ones focused on default mode network activity [10] on larger samples would be useful to better understand the neural basis of these specific meditation states. However, these findings are relevant because they extend the use of TMS-EEG to the study of changes of the content of consciousness within the range of eye-opened wakefulness and because they corroborate and complement, by a causal and perturbational perspective, previous results obtained by means of spontaneous EEG recordings during meditation practice [7] . Panel B. Changes of spectral power across the three active/ meditative conditions (color-coded as in panel A) are expressed as percent difference compared to the baseline condition. Time-frequency spectra averaged over all channels and the corresponding power spectrum profile between 8 and 40Hz evoked during the first 200 ms after TMS are shown together (dashed lines indicate the frequency band considered for comparison across conditions). Specifically, for each channel significant activation respectively to pre-stimulus activity (from -400 to -100 ms) is calculated by means of bootstrap statistics (α < 0.05) and is colored in red, while the absence of any significant activation is colored in green.
Panel C. In the upper plot, changes of PLF across the three active/ meditative conditions (color-coded as in panel A) are expressed as percent difference compared to the baseline condition. For every condition and targeted cortical area (colored profiles) the PLF averaged over all channels are superimposed to PLF profiles calculated for baseline condition. By applying a statistical analysis assuming a Rayleigh distribution of the prestimulus values (from -400 ms to -100 ms), PLF time points of each channel that were not significantly different (α < 0.05) from pre-stimulus activity were set to zero.
